A Ai im m o of f t th he e s st tu ud dy y: : To perform a systematic review and formal meta-analysis of the literature reporting on HPV detection in bronchial squamous cell papillomas (SCP). M Ma at te er ri ia al l a an nd d m me et th ho od ds s: : The literature was searched up to June 2012. The effect size was calculated as event rate (95% CI), with homogeneity testing using Cochran's Q and I 2 statistics. Meta-re gression was used to test the impact of studylevel covariates (HPV detection method, geographic origin) on effect size, and potential publication bias was estimated using funnel plot symmetry. R Re es su ul lt ts s: : Fifteen studies were eligible, covering 89 bronchial SCPs from different geographic regions. Altogether, 38 (42.7%) cases tested HPV-positive; effect size 0.422 (95% CI: 0.311-0.542; fixed effects model), and 0.495 (95% CI: 0.316-0.675; random effects model). In meta-analysis stratified by i) HPV detection technique and ii) geographic study origin, the between-study heterogeneity was not significant for either; p = = 0.348, and p = 0.792, respectively. In maximum likelihood meta-regression, HPV detection method (p = 0.150) and geographic origin of the study (p = 0.164) were not significant study-level covariates. Some evidence for publication bias was found only among in situ hy bridization (ISH)-based studies and among studies from Europe, but with a negligible effect on summary effect size estimates. In sensitivity analysis, the metaanalytic results were robust to all oneby-one study removals. C Co on nc cl lu us si io on ns s: : In formal meta-regression, the variability in HPV detection rates reported in bronchial SCPs is not explained by the HPV detection method or geographic origin of the study. K Ke ey y w wo or rd ds s: : bronchial papilloma, solitary, squamous cell, HPV, meta-analysis, meta-regression, study heterogeneity, publication bias, detection method.
Introduction
The first reports on solitary bronchial squamous cell papilloma (SCP) appeared in 1954, when three authors provided descriptions of this new entity [1] [2] [3] . It was soon recognized that bronchial SCP can also appear as multiple lesions called (tracheo)bronchial papillomatosis [4, 5] . Until the mid 1980s solitary bronchial SCP was regarded as an extreme rarity [5, 6] . When first reviewed in 1985, Maxwell et al. could collect only 11 such cases in the English literature [7] . As emphasized before [8] , however, this number is a clear underestimate, because in addition to the cases included in their review [5] [6] [7] [9] [10] [11] [12] [13] , a large number of bronchial SCPs had been reported, but mostly in non-English literature . Interestingly, this same trend seems to continue in more recent reports . According to our best estimates, the total number of bronchial SCPs (and papillomatosis) reported by now reaches several hundred cases [8] .
Bronchial SCP must be considered a rare disease, and no estimates are available on their incidence rates [8] . There are two peculiar features in the clinical history of these lesions: i) a tendency to spread to multiple sites within the bronchial tree [4, 10, 14, 19, 25, 30, 32, 34, 43, 47, 48, 52, 63, 75] , and ii) a substantial potential for malignant transformation [2, 8, 11, 27, 39, 40, 50, 51, 57, 58, 66, 71] . These two characteristics strongly implicate an infectious etiology of bronchial SCPs. Indeed, their clinical behavior closely resembles that of recurrent respiratory papillomatosis (RRP) [8] , and natural history of sinonasal papillomas.
While the etiologic role of human papillomavirus (HPV) in RRP is well established [8] , the possible involvement of this virus in sinonasal papillomas was first suggested by us in 1983 [76] , based on detection of HPV antigen expression in a single papilloma. This was soon confirmed by demonstration of HPV DNA in a series of cases [77] , and HPV involvement in sinonasal papillomas is well established at present [78] .
The first clue on possible HPV involvement in bronchial SCPs was provided by two cytological reports from 1975 and 1979, when Roglic et al. [79] and Rubel et al. [80] , respectively, described characteristic cytopathic changes of HPV (i.e., koilocytosis) in the sputum samples, thus emphasizing their similarity to genital HPV lesions (condyloma). This coincides with the observations of us, who in 1979 were the first to describe similar evidence in malignant bronchial squamous cell neoplasia [81, 82] . However, it took almost a decade until Trillo and Guha (in 1988 ) first demonstrated HPV antigens and identified HPV particles in two bronchial SCPs [83] . The interest in bronchial SCP as a potential HPV-associated benign tumor increased slowly throughout the 1990s [8] . When first reviewed in 2002, the literature reporting HPV detection in bronchial SCPs included 9 studies covering 61 SCP cases, of which 29 (47.5%) tested HPV-positive [84] .
With the widespread implementation of prophylactic HPV vaccines, it has become increasingly important to estimate the total disease burden (in addition to genital lesions) potentially preventable by the current and new generation HPV vaccines [85, 86] . To cast further light on the controversial role of HPV in bronchial SCP, it was felt appropriate to conduct a systematic review and formal meta-analysis, covering all the published literature without any restrictions to the HPV detection methods or geographic origin of the study.
Material and methods

Data abstraction
We identified eligible studies by searching MEDLINE (via PubMed) and reference lists from original articles, book chapters and other reviews until June 2012. No language or dateof-publication limitations were imposed. The search terms included: papillomavirus, HPV, papilloma, solitary, squamous cell, bronchus, bronchial, papillomatosis, malignant transformation. We considered all publications appearing in peer-reviewed journals eligible, irrespective of which method (see later) was used for HPV detection, provided that the report included exact numbers of analyzed cases and those testing HPV-positive, necessary for calculation of the event rates (= HPV prevalence) and their 95% confidence intervals (95% CI).
Altogether, > 400 abstracts were derived from the database, covering the years 1954 to 2012. For the present metaanalysis, a total of 15 original studies were determined eligible, all including cases of bronchial papillomas analyzed for HPV detection. Because they were included in a recent metaanalysis, all studies reporting only bronchial carcinomas were excluded from this meta-analysis.
From the summaries and/or body texts of each eligible study, we abstracted the following information: HPV detection method, geographic region of the study, HPV genotypes analyzed and/or detected, total number of cases analyzed, number testing HPV-positive, per cent HPV-positivity, authors, and publication year. Only the studies reporting HPV in solitary bronchial papillomas or cases of bronchial papillomatosis were included, whereas all studies describing tracheobronchial spread of RRP and/or their malignant conversion were excluded.
Statistical analyses
The specific software Comprehensive Meta Analysis™ (Version 2.2.064; Biostat Inc., Englewood, NJ, USA) was used to perform the meta-analysis. The software calculates the event rates (logit event rates, SE and variance) based on the events and sample size data. To assess overall heterogeneity in the event rates between the different studies, Cochran's Q (twosided) homogeneity p value as well as I 2 statistics (for percentage of variation) were used [87] . To evaluate the possible publication bias, funnel plots were drawn by plotting the logit event rates by their precision (1/SE) [88] . Funnel plots were evaluated for asymmetry using the following statistics: i) Begg and Mazumdar rank correlation [89] , ii) Egger's test of the intercept (regression) [90] , and iii) Duval and Tweedie's "trim and fill" method [91] , which imputes the results that are hypothetically missing due to the publication bias.
To assess the variation in the event rates (i.e., HPV prevalence) due to the differences between the individual studies, we evaluated the study characteristics using stratified random-effects meta-analysis and restricted maximum likelihood meta-regression. Stratified meta-analysis allows descriptive comparison of the summary event rates across the different categories of specified study characteristics.
Restricted maximum likelihood meta-regression formally compares these differences in event rates across the selected study-level covariates and estimates the among-study variance [92] . Given the inherent differences in analytical sensitivities between the different HPV detection methods -immunohistochemistry (IHC), in situ hybridization (ISH), and polymerase chain reaction (PCR) -meta-analyses were performed across these strata. Similarly, to distinguish true study-specific effects from random variation, all analyses were also stratified by the geographic regions of their origin, blamed as one of the reasons for variability in HPV prevalence [8, 45] . HPV detection method and geographic study origin were also tested as study-level covariates in formal meta-regression.
Sensitivity analysis was performed to assess the influence of each individual study on the strength and stability of the meta-analytic results. Sensitivity analysis runs the analysis k (n = 14) times, each time removing one study to show that study's impact on the combined effect size. The sensitivity of the results to these one-by-one study removals was evaluated by descriptively comparing the magnitude and precision of the random-effects summary event rates (point estimates).
Results
Eligible studies
A total of 15 studies were considered eligible for the present analysis [58, 70, 74, 83, [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] , comprising 89 bronchial SCPs analyzed by different HPV detection methods. Included are both case reports and larger series, comprising up to 31 cases analyzed by PCR [98] and 15 papillomas examined by ISH [94] (Table 1 ). The methods used to evaluate the HPV involvement include the following: IHC [83] , ISH [58, 70, 74, [93] [94] [95] [96] [97] 102] , and PCR [98] [99] [100] [101] 103] . Based on the available data on geographic regions with different HPV prevalence, the studies were categorized into the following regions of origin: Other Asia (China excluded), Europe, and North America. These 15 studies comprise the target of this meta-analysis. Of all analyzed 89 bronchial SCPs, 38 (42.7%) tested HPV-positive.
Analytical results
Point estimates of event rates
The crude HPV-positivity (38/89) translates to event rates (i.e., effect size, summary HPV prevalence) of 0.422 (95% CI: 0.311-0.542), using the fixed effects (FE) model, and 0.495 (95% CI: 0.316-0.675), using the random effects (RE) model ( Fig. 1) . Table 2 depicts the meta-analytic results of those 15 studies, stratified by the HPV detection technique. There is significant heterogeneity only between the studies (n = 9) using ISH, as measured by Cochran's Q statistic, with p = 0.038. This heterogeneity becomes of borderline significance in comparison within strata (p = 0.056), and disappears in comparison between strata (random effects model, p = 0.348). The percentage of variation (I 2 ) is higher (50.9%) for ISH-based studies than among PCR studies (7.0%). Using the RE model, studies based on ISH give higher point estimates of HPV prevalence (0.534, i.e. 53.4%), as compared with PCR studies (39.1%). S St ta at ti is st ti ic cs s f fo or r e ea ac ch h s st tu ud dy y E Ev ve en nt t r ra at te e a an nd d 9 95 5% % C CI I w wi it th hi in n s st tu ud dy y e ev ve en nt t l lo ow we er r u up pp pe er r Z Z--v va al lu ue e p p--v va al lu ue e t to ot ta al l r ra at te e l li im mi it t l li im mi it t
When stratified by the geographic origin of the study (Table 3) , there is significant heterogeneity (p = 0.027) only between the studies from Europe, with the percentage of variation up to 63.6%. The highest summary effect size (63.1%) is derived from studies reported from Other Asia, followed by those conducted in USA/Canada (51.7%), and Europe (41.1%). In the between-strata comparisons using the RE model, the difference in results is not significant (p = 0.792), indicating that the heterogeneity between the studies from different geographic regions is not statistically significant.
Meta-regression
In meta-regression testing HPV detection methods as study-level covariates (Table 4) , none of the methods resulted in summary point estimates that were significantly different from the reference (IHC), including the effect size difference (0.052) between ISH and PCR methods (p = 0.626). The HPV detection method was not a significant study-level covariate (p = 0.150 for regression coefficient β1 or effect parameter). The same was true when only the studies using ISH (n = 9) or PCR (n = 5) were included in this meta-regression (p = 0.484).
Using Other Asia as the reference, the effect size differences to the other geographic regions are not statistically significant (p = 0.139 and p = 0.510) ( Table 5 ). In formal metaregression, the geographic origin of the study did not have a significant impact on the effect size (p = 0.164).
Publication bias
There was little evidence for publication bias among studies based on ISH: Begg p = 0.301, Egger's p = 0.019, Duval and Tweedie's trim and fill (RE) method identified no missing studies. For studies using PCR, there was some evidence of publication bias (Begg p = 0.231; Egger's p = 0.161), but Duval and Tweedie's trim and fill (FE and RE) method imputed 1 hypothetically missing study, with a marginal effect on adjusted point estimates (from 0.391 to 0.373).
There was no evidence for publication bias among studies (n = 3) from Other Asia and Europe (n = 5). For studies . o of f E Ev ve en nt ts s S Sa am mp pl le e P Po oi in nt t e es st ti im ma at te es s o of f P Po oi in nt t e es st ti im ma at te es s o of f H Ho om mo og ge en ne ei it ty y I I--s sq qu ua ar re ed d H Ho om mo og ge en ne ei it ty y m me et th ho od d s st tu ud di ie es s s si iz ze e e ev ve en nt t r ra at te es s e ev ve en nt t r ra at te es s ( (C Co oc ch hr ra an n' 's s Q Q) )* ** * ( (I I 2 2 ) )* ** * ( (p p--v va al lu ue e) )* ** * ( (f fi ix xe ed d e ef ff fe ec ct ts s m mo od de el l) ) ( (r ra an nd do om m e ef ff fe ec ct ts s m mo od de el l) ) P Po oi in nt t 9 95 5% % C CI I P Po oi in nt t 9 95 5% % C CI I e es st ti im ma at te e e es st ti im ma at te e s st tu ud di ie es s s si iz ze e e ev ve en nt t r ra at te es s e ev ve en nt t r ra at te es s ( (C Co oc ch hr ra an n' 's s Q Q) )* ** * ( (I I 2 2 ) )* ** * ( (p p--v va al lu ue e) )* ** * ( (f fi ix xe ed d e ef ff fe ec ct ts s m mo od de el l) ) ( (r ra an nd do om m e ef ff fe ec ct ts s m mo od de el l) ) P Po oi in nt t 9 95 5% % C CI I P Po oi in nt t 9 95 5% % C CI I e es st ti im ma at te e e es st ti im ma at te e (n = 7) from North America, there was some evidence for publication bias (Begg p = 0.088; Egger's p = 0.0691), and Duval and Tweedie's trim and fill (FE and RE) method imputed 2 hypothetically missing studies, with a marginal effect on adjusted point estimates (from 0.517 to 0.441).
Sensitivity analysis
Meta-analytic results seemed relatively robust to all (n = 14) one-by-one study removals, with little change in the magnitude and precision of the FE and RE summary point estimates of the effect size. The single most influential study was the one with the highest sample size (n = 31) [98] , the removal of which would increase the summary effect size from 0.422 to 0.475 (FE model) and from 0.495 to 0.538 (RE model).
Discussion
The role of HPV in etiology of bronchial papillomas has received increasing interest since the late 1970s, when the first evidence was provided [79] [80] [81] [82] . The accumulated literature has been reviewed most recently some 10 years ago [8, 84] , but no formal meta-analysis has been published as yet. The formal meta-analysis presented in this communication covers all the published literature reporting HPV detection in bronchial SCPs (n = 15 studies), and also updates the author's own review of 2002 [84] . Importantly, the authors did not make any restrictions as to the HPV detection methods, although some of the early HPV detection techniques (IHC) are obsolete by now. This was just to validate by formal meta-analysis and meta-regression the frequently presented concept that the wide variation in HPV prevalence in bronchial SCPs might be explained by different detection techniques [8, 84] . The other study-level covariate addressed in this meta-analysis and meta-regression is the geographic origin of the study, also listed among potential causes of variation in HPV prevalence in respiratory tract neoplasia [84] [85] [86] .
To evaluate the heterogeneity in meta-analysis is crucial because the presence or absence of true heterogeneity (i.e., between-study variability) directly affects the statistical model that should be used to analyze the database [87, [104] [105] [106] . The usual way of assessing whether true heterogeneity exists has been the Q test, originally introduced by Cochran (1954) [107] . Significant p-values in the Q test implicate true heterogeneity and warrant the use of a random effects (RE) model to test both within-and between-study variability. The Q statistic does not indicate the magnitude of true heterogeneity, however, but only its statistical significance [107] . On the other hand, the I 2 index, introduced by Higgins et al. (2003) , measures the extent of true heterogeneity, expressed . o of f s st tu ud di ie es s E Ef ff fe ec ct t s si iz ze e* * D Di if ff fe er re en nc ce e i in n e ef ff fe ec ct t s si iz ze e e es st ti im ma at te es s H HP PV V d de et te ec ct ti io on n m me et th ho od d ( (h ho om mo og ge en ne ei it ty y p p--v va al lu ue e) )* ** * P Po oi in nt t e es st ti im ma at te e 9 95 5% % C CI I D Di if ff fe er re en nc ce e i in n 9 95 5% % C CI I p po oi in nt t e es st ti im ma at te es s . o of f s st tu ud di ie es s E Ef ff fe ec ct t s si iz ze e* * D Di if ff fe er re en nc ce e i in n e ef ff fe ec ct t s si iz ze e e es st ti im ma at te es s G Ge eo og gr ra ap ph hi ic c O Or ri ig gi in n o of f S St tu ud dy y ( (h ho om mo og ge en ne ei it ty y p p--v va al lu ue e) )* ** * P Po oi in nt t e es st ti im ma at te e 9 95 5% % C CI I D Di if ff fe er re en nc ce e i in n 9 95 5% % C CI I p po oi in nt t e es st ti im ma at te es s as the percentage of the total between-study variability in the effect sizes [108] . One of the major advantages of the I 2 index is that the indices obtained from meta-analyses with different numbers of studies and different effect metrics are directly comparable [104, 108] . Given the above considerations, there is little doubt that marked heterogeneity exists only between the studies (n = 9) using ISH, but not those using PCR (n = 5) methods, as estimated using the Q test and I 2 index (Table 2 ). This marked heterogeneity among studies comprising the bulk (9/15) of all included studies justifies the adoption of the RE model to analyze the summary statistics for heterogeneity [104] [105] [106] . Using the RE model, the most important conclusion implies that there is no true heterogeneity between the studies using different HPV detection techniques, as indicated by the nonsignificant homogeneity p-value (p = 0.348) for the betweenstudy comparison, also when the FE model is used (p = 0.355). In other words, we can revisit the concept raised in some recent reviews [8, 84] , suggesting that the differences in HPV prevalence reported in bronchial papillomas might be explained by the different HPV detection techniques. This statement is limited, however, by the relatively small number of studies reporting on HPV detection in these lesions.
An alternative view suggests that this variable HPV prevalence would be related to the different geographic regions of the study origin [8, 84] . To evaluate this concept, we performed our meta-analyses stratified by the geographic origin of studies (Table 3) . Both the Q test and the I 2 index demonstrate a statistically significant heterogeneity (p = = 0.027, I 2 = 63.6%) only between the studies (n = 5) derived from Europe, but not among those from the other two geographic regions (Other Asia, North America). However, when the RE model was used to calculate the summary statistics, the homogeneity p-value was 0.792 for the between-strata comparison. This implies that the seemingly wide variation (11.8-63.6%) in HPV prevalence from different geographic regions is not significant according to the strict meta-analytical criteria. Noteworthy, however, is that the highest summary effect size estimates (63.1% for Other Asia) are based on a small number (n = 3) of studies only, while the lower estimates (41.1-51.7%) are derived from at least 5 to 7 studies (Table 3) . In this respect, we should also keep in mind one of the shortcomings of the Q statistic, i.e., it has a poor power to detect true heterogeneity in a meta-analysis including a small number of studies, but excessive power to detect even insignificant variability when a large number of studies is included [87, [104] [105] [106] [107] [108] .
We also performed meta-regression to formally compare these differences in summary effect sizes [92] . In meta-regression with the HPV detection method as the covariate, the regression coefficient for the effect parameter (β1, or slope) was not statistically significant (p = 0.150). The same is true when the geographic origin of the study (p = 0.164) was tested for its impact as the study-level covariate. These data formally confirm that HPV detection method and geographic origin of the study are not significant study-level covariates accounting for the heterogeneity of HPV prevalence in bronchial papilloma studies. The results of meta-regression did not change if only the studies based on ISH and PCR were included in the analysis. Thus, despite the seemingly higher summary HPV prevalence derived from ISH studies (53.4%) as compared with the PCR studies (39.1%), this difference does not reach statistical significance (p = 0.484).
Some evidence for publication bias was detected, but this usually had an insignificant effect on the adjusted point estimates in stratified meta-analysis. There was no evidence for publication bias among ISH-based studies, and the slight publication bias revealed among the PCR studies resulted only in a negligible drop of the point estimates (from 39.1% to 37.3%). As to the geographic areas, some publication bias was evidenced only among the studies from North America. Thus, for this region, Duval and Tweedie's trim and fill (both FE and RE) method imputed 2 hypothetically missing studies, with a marginal impact on summary point estimates (51.7% to 44.1%). Thus, it remains to be seen whether the future studies from this region will report somewhat lower HPV prevalence than the summary effect size (51.7%) derived from the currently available studies.
In sensitivity analysis, based on one-by-one removal of all 15 studies, all meta-analytic results seemed relatively robust to all removals, with no major change in the magnitude or precision of either the FE or RE summary point estimates of the effect size (Fig. 1) . In a meta-analysis based on such a small number of studies, and relatively small number of analyzed cases (n = 89), however, it is expected that the most influential studies are those based on the largest number of cases, and/or those with very low or very high event rates. In this analysis, such a single study was that by Popper et al. [98] , reporting HPV prevalence of 35.5% (11/31) in a series of 31 bronchial SCPs. The relative (fixed) weight of this single study is 42.9, and even if reporting an effect size (0.355) far below the summary effect size (0.495) derived from all studies, removal of this study from the meta-analysis would increase the summary effect size (random) only from 0.495 to 0.538, i.e., by 4.3%. To be truly influential, any such hypothetical study should include over a hundred cases and demonstrate HPV prevalence markedly deviating (down-or upwards) from the summary effect size derived from the existing 15 studies.
Taken together, these meta-analytical results based on all published literature (n = 15 eligible studies) on HPV detection in bronchial squamous cell papillomas imply that HPV prevalence varies according to i) HPV detection method, and ii) geographic origin of the study. In stratified meta-analysis and meta-regression, however, this variability is not significantly associated with either of these two study-level covariates. Because not formally confirmed by the metaregression, it seems premature to conclude that bronchial papillomas in different geographic regions have a different etiology, as hypothesized in some recent studies for bronchial cancer [109] . Large multi-center studies based on larger series, as well as prospective cohort studies, are needed to better elucidate the impact of HPV in pathogenesis of bronchial papillomas (papillomatosis), which are a not infrequent accompaniment of their (synchronous or metachronous) malignant counterparts, i.e., bronchial squamous cell carcinoma [2, 8, 11, 27, 39, 40, 50, 51, 57, 58, 66, 71, 84] .
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